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good or better than commercially produced transducers. We have diffusionbonded piezoelectric crystals and backings to stainless-steel-foil and wear surfaces. These are then attached onto stainless-steel tubes with electrical connectors to form the transducers. The transducers have been characterized using a reciprocity technique, electrical response, and optical interferometry. After characterization, the transducers have been compared to existing transducers by measuring and testing identical properties.
. Background and Research Objectives
Ultrasonic transducers for use in industry and science need to be produced in a variety of sizes and designs in order to optimize the signals, minimize the effect on the object being measured, and deal with odd-shaped objects, limited access, and different environments. This continuous requirement to build new transducers for different projects led to construction techniques employing metallized plastic fdms and epoxy joints. Advantages of this design are:
(1) ease and rapidity of fabrication, (2) the plastic decouples the transducer acoustically, and (3) with good choice of transducer and backload, a unit can be made that has little or no internal resonances in the frequency range of interest. Disadvantages of this design are: (1) often the electrical connections are capacitive because of the insulating properties of the epoxy layers, (2) "soft" epoxy and plastic layers between piezoelectric disc and backload degrade performance *Principal investigator, e-mail: rd-dixon@lanl.gov by permitting unwanted modes of vibration in the transducer unit, and (3) the epoxy cannot withstand high temperatures and small-area bonds are weak. Strength can be improved, as in many commercial transducers, by "potting" the whole assembly in some damping material, such as epoxy, which also reduces the effect of any internal resonances. Unfortunately, this also has the effect of reducing the response of the transducer. The second disadvantage is of particular concern for doing non-destructive testing (NDT) and basic materials science because unwanted peaks from modes of the transducer can reduce the sensitivity of the transducer and interfere with the desired measurement. If the piezoelectric disc is held rigidly to a stiff, flat backload, its flexural modes (usually much lower frequency than the nominal firstcompressional or shear mode of the active element) are raised to frequencies near those of the bare backload. However, a layer of relatively soft epoxy and plastic will not provide strong enough coupling to shift these modes, so they may appear as unwanted peaks in the spectrum of an object. The major problem is the epoxy -it is non-conductive, plastic, degrades with time, and cannot handle harsh environments.
to be able to produce tough, highly sensitive transducers reliably, and to produce the measurement apparatus to test and demonstrate the properties.
Our goal in this project was to refine the construction techniques for these transducers 2 .
Importance to LANL's Science and Technology Base and National R&D Needs
This project supports Los Alamos core competencies in nuclear and advanced materials as well as complex experimentation and measurement. It has produced highly sensitive transducers that are rugged and reliable and that can be used in non-destructive testing techniques, basic materials science applications, and industrial applications.
. Scientific Approach and Results to Date
Resonant Ultrasound Spectroscopy (RUS) [l] has applications in both basic science and industrial NDT. The transducers are presently a limiting factor of the usefulness of this technique, due to the fact that organic components of transducers cannot be used at high temperatures and have poor durability and short lifetimes. New durable, sensitive transducers will enable important advances to be made in both science and industrial applications using ultrasound. A solution to this problem, developed at Los Alamos, was considered significant enough to be awarded one of R&D Magazine's R&D 100 Awards in 1994. These transducers are also the subject of a patent application [2].
In essence, our solution replaces all of the epoxy joints with metal bonds. When two clean metal surfaces @e., free of oxides and other contaminants) are brought into contact under pressure and the temperature is raised above some threshold (dependent on the metal), metal atoms will diffuse across the contact boundary removing the surface-contact interface and effectively bonding the two metal parts into one part. The components of a transducer unit can be coated with metal, either electrochemically or by vacuum evaporation, and the resulting metal surfaces may be diffusion-bonded together, forming a conductive, strong, and durable bond, which is thinner than any glue and plastic joint. This thin and rigid bond is capable of adequately coupling the rigid backload (such as diamond) to raise the lowest mode to one consistent with the theoretical composite object, making such transducers as free as possible of unwanted low modes of the active element. This bonding technique is used in a few special industrial applications (e.g., titanium turbine blades). The conditions of surface cleanliness, and the pressures and temperatures, mean it is difficult to apply, and indeed just the temperatures needed to mobilize atoms in most metals would exceed the Curie temperature of the common piezoelectric ceramic materials (PZT-5, Tc -350 "C) destroying piezoelectricity.
The "noble" metals (copper, gold, and silver) with melting points near lo00 "C can be bonded with acceptable values for pressure and temperature, provided the surface cleanliness condition can be met. Copper oxidizes readily and special conditions (vacuum, inert atmosphere) must be applied to maintain clean metal surfaces. Gold is inert and is suitable for bonds, but the temperature needed is at the high end of our allowed scale, around 300 "C. Silver has the unusual property that at 150 "C the metal will dissolve its own oxide layer into the bulk, providing a clean surface. Bonding can thus be carried out in air. This, coupled with the fact that bonding can occur near 200 "C, made silver our primary choice for a bonding material, although we have also developed the capability for bonding other metals.
bonding PZT-5 ceramic piezoelectrics to alumina backloads in air with electrochemically deposited films. Experiments were carried out to determine the optimal bonding pressure and time to make a good bond with various sizes of transducer. For a "safe" temperature of 200 "C or slightly above, and a bonding time of 20 minutes, the bonding pressure to produce good bonds varied from 15,000 psi for the largest transducers (1/2 inch diameter) to 22,500 psi for the smallest (1/16 inch diameter). Several transducers were successfully fabricated along the design of Figure 1 and showed excellent response. All bonds could be made simultaneously and the transducer casing and support were easily made mechanically robust. These transducers certainly cover the range useful for most NDT applications where parts are usually relatively large and thus have low resonance frequencies. There are no components in these units that are subject to deterioration with time. They will function in environments where Initial experiments with silver-diffusion bonding were carried out at LANL [3] by solvents are present, and direct DC electrical connections are made, reducing low-frequency noise pickup. For basic materials science and for NDT of smaller components, we also produced small transducer units that are effective up to about 500 "C. This range is a considerable advance on the present capabilities. To develop these transducers further, we have constructed an ultra high-vacuum system to evaporate metal fiims and make the bonds. The vacuum is held at 10-6 Torr or better during this process so, at worst, only a few atomic layers of oxide could form. The thin (0.004 inch) LiNbO3 discs we use are quite fragile so we use considerably less pressure than that used with the ceramic discs; but because the Curie point is higher, we use a higher temperature to increase the diffusion. Using silver films of 2,000 A to 5,000 A thickness, bonding at 250 "C for 20 minutes, and applying a pressure of approximately 2,000 psi we can reproducibly make a transducer unit comparable in size to our research units, but with superior properties. Two of the small transducers have been used in a high temperature RUS apparatus to measure the elastic properties of steel up to 500 "C. The behavior of the peak frequencies is shown in Figure 2 .
Measurements made on the electrical response of metal-diffusion-bonded and a commercial-damped transducer verify the idea of removing unwanted low frequency modes from the bonded unit. 
